Objective: Although obese children are at increased risk for coronary heart disease in later life, it is not clear if the association results from the persistence of childhood obesity into adulthood. We examined the relation of both childhood and adult levels of body mass index (BMI, kg m À2 ) to carotid intima-media thickness (IMT) measured at the (mean) age of 36 years. Design and Subjects: Prior to the determination of adult IMT, the 1142 participants had been examined 7 (mean) times in the Bogalusa Heart Study. Measurements: In addition to BMI, levels of lipids, lipoproteins and blood pressure were measured at each examination. Cumulative levels of each risk factor were based on the areas under the individual growth curves calculated using multilevel models for repeated (BMI) measurements. We then examined the relation of these cumulative levels to adult IMT. Results: Carotid IMT was associated with cumulative levels of BMI in both childhood and adulthood (Po0.001 for each association). Furthermore, the association between childhood BMI and adult IMT persisted, but was reduced, after controlling for adult BMI. Although childhood levels of lipids, lipoproteins and blood pressure were also associated with adult IMT, these associations were not independent of adult levels of these risk factors. Conclusions: These results emphasize the adverse effects of elevated childhood BMI levels. In addition to the strong tracking of BMI levels from childhood to adulthood, there appears to be a modest, independent effect of childhood BMI on adult IMT. The prevention of childhood obesity should be emphasized.
Introduction
Although the clinical complications of cardiovascular disease (CVD) do not generally occur before the age of 50 years, several CVD risk factors promote the development of atherosclerosis in early life. Maternal hypercholesterolemia is associated with fatty streaks among neonates, 1 and obesity during childhood and adolescence is associated with the development of fatty streaks and fibrous plaques. 2 Many, but not all, 3 studies have also found that obese children are at increased risk for coronary artery calcification 4 and CVD 5, 6 in adulthood. Persons at increased risk for CVD can be identified through the measurement of carotid intima-media thickness (IMT), a marker of generalized atherosclerosis, using B-mode ultrasonography. Despite the limitations of these measurements, 7 adult carotid IMT is associated with CVD risk factors, [8] [9] [10] [11] arteriographically documented lesions 12 and subsequent myocardial infarction and stroke. 13, 14 Childhood obesity is also predictive of adult levels of IMT. [15] [16] [17] [18] However, because obese children are likely to become obese adults, 19 this longitudinal association may reflect the importance of adult, rather than childhood, obesity. 18, 20 This study examines the relation of childhood body mass index (BMI) to adult carotid IMT, and assesses whether the association is independent of adult BMI. The sample comprises 1142 persons, and on average, participants had seven measurements of BMI between the ages of 2 and 43 years. At the last risk-factor examination (2001) (2002) , carotid IMT was measured using B-mode ultrasonography.
Methods

Sample
Bogalusa is a semirural, biracial (1/3 black) community in Washington Parish, Louisiana, and is 70 miles north of New Orleans. Nine large (n41000) cross-sectional studies of schoolchildren were conducted between 1973 and 1994, and six large studies of adults were conducted between 1983 and 2002. Various substudies have also been conducted during this period, and data have been obtained from approximately 12 500 persons who participated in 37 000 examinations. Most participants were examined more than one time.
Of the 1203 adults (age 23-43 years) examined in the 2001-2002 risk-factor examination, 1144 also underwent a carotid ultrasound examination. The current analyses exclude two participants who had not previously taken part in a risk-factor examination before the age of 20 years. Of the 1142 persons in our sample, about 80% were first examined between the ages of 2 and 14 years in 1973-1974.
General examinations
All protocols were approved by appropriate institutional review boards, and informed consent was obtained from all participants. Schoolchildren were examined while wearing underpants, an examination gown and socks; young adults wore street clothes (excluding sweaters, jackets, belts and shoes). Height was measured to the nearest 0.1 cm with an Iowa Height Board, and weight to the nearest 0.1 kg using a balance beam metric scale. 21 As levels of BMI (kg m À2 ) vary by sex and age during growth, sex-specific BMI-for-age z-scores were calculated from the 2000 CDC Growth Charts. 22 These BMI-for-age levels represent a child's BMI relative to levels among children of the same age and sex who were examined in national studies from 1963 to 1980 (6-to 20-year-olds) or from 1963 to 1994 (2-to 5-year-olds). Total cholesterol and triglycerides were determined enzymatically on an Abbott VP analyzer (Abbott Laboratories, North Chicago, IL, USA). Levels of low-density lipoprotein (LDL) and high-density lipoprotein cholesterol were measured by a combination of heparin-calcium precipitation and agar-agarose gel electrophoresis. 23 Relaxed, sitting, right arm systolic and diastolic blood pressure (SBP/ DBP) were measured in triplicate by each of two trained observers with a mercury sphygmomanometer.
21
Carotid ultrasonography Ultrasonography was performed by trained sonographers, in the office of the Bogalusa Heart Study, using a Toshiba Power Vision SSH-380 Ultrasound System (Toshiba America Medical System, Carrollton, TX, USA) with a 7.5 MHz linear array transducer. Participants were examined in the supine position, with the head slightly extended and turned to the opposite direction of the examined carotid artery. On the basis of arterial geometry, the carotid artery was divided into the distal common carotid, the carotid bifurcation and the proximal internal carotid artery. Images of the near and far walls were recorded in each of these three segments on both the right and left carotid arteries where the maximum IMT was present. Images were excluded from the study if the artery was extremely tortuous, did not have an anatomic reference or if an advanced lesion obscured the interfaces for valid measurements.
Each ultrasound examination was recorded on Super-VHS tapes and sent to the Division of Vascular Ultrasound Research at Wake Forest University School of Medicine (Winston-Salem, NC, USA) for off-line analysis by a certified reader (RT). IMT was measured by a semiautomatic ultrasound image processing program developed by the California Institute of Technology and Jet Propulsion Laboratory. While reviewing the ultrasound exam, the reader searched for the maximum IMT of the far and near walls of each segment. The mean of the maximum carotid IMT readings of the right and left far walls for the three segments (common, bulb and internal) was used in the analyses. If bilateral images could not be obtained, one side was used in the calculation.
Although no participant was missing data for the IMT of the common carotid segment, there were missing data for the bulb (n ¼ 29) and internal (n ¼ 59) segments. As IMT levels differ across these three segments, we imputed these missing values before calculating the (overall) mean IMT for participants with missing data. We used the transcan procedure in R, 24, 25 and the imputed values were based on the race, sex, age and the IMT of the (non-missing) carotid artery segments for each participant. The repeatability of the carotid IMT measurements was assessed in a subset of 75 persons who underwent a second examination within 7-10 days of the initial examination. A single reader (RT), who was blinded to the duplicate examinations, read both the initial and replicate examination. Figure 1 shows a Tukey mean-difference plot (also known as a 'Bland-Altman' plot) 26 for the results of the two examinations. The mean difference (first-second) in IMT levels between examinations was À0.026 mm (95% confidence interval: À0.20 to 0.11 mm), whereas the overall mean IMT was 0.823 mm. The mean, absolute difference between the two examinations was 0.066 mm, with a 95% confidence interval of 0-0.20 mm. The difference between the two examinations tended to become more negative with increasing IMT levels, but this association was not statistically significant (r ¼ À0.20, P ¼ 0.09).
Statistical analyses
Including risk-factor data obtained concurrent with the measurement of adult IMT, participants took part in 3 to
Childhood obesity and carotid IMT DS Freedman et al 13 risk-factor examinations conducted between 1973 and 2002. Several analyses examine the relation of the area under the curve of these serial measurements to adult carotid IMT. 27, 28 We fit multilevel models, using the nlme package in R, 29 to the repeated measurements of BMI and other risk factors for each participant. These individual growth curves allowed the intercept and coefficients of age and age 2 to vary across participants (random effects), while race and sex group was treated as a fixed effect; we also allowed for possible difference in these growth curves by race and sex. On the basis of the random and fixed effects of these models, we calculated the area under the curve for each person with the 'integrate' function in R.
To increase its interpretability, the area under the curve was divided by the number of years in childhood (from the age of 5 to 20 years) or adulthood (from the age of 20 to 40 years); we refer to these areas as 'cumulative levels' or 'cumulative risk'. Pearson correlation coefficients and regression models were used to examine the relation of cumulative levels of the various risk factors to carotid IMT after controlling for race, sex and age at last examination. We also examined whether the relation of cumulative childhood levels of BMI to carotid IMT was independent of adult levels of BMI and other risk factors.
We also calculated multilevel models for the repeated BMI measurements that, in addition to race, sex and age, included adult IMT as an additional predictor; these models are somewhat similar to those for nested case-control studies that include disease outcome (at single point in time) as an additional predictor. 30 To illustrate the differences in BMI levels at various ages for persons with low vs high levels of adult IMT, we calculated the predicted BMI levels for participants at the 10th and 90th percentiles of adult carotid IMT with each race and sex group.
Results
The levels of various characteristics are shown in Table 1 . The mean ages at the first and last risk-factor examinations were 10 and 36 years, respectively. Adult levels of mean carotid IMT were higher among men than women (0.87 vs 0.77 mm, Po0.001), and the sex differences were fairly similar within each of the three segments. The mean BMI level at the final examination was about 29.5 kg m À2 among both men and women, with 40% of the participants having a BMI X30 kg m À2 and 9% having a BMI X40 kg m À2 . Among children, girls had slightly higher (cumulative) levels of triglycerides, LDL cholesterol, high-density lipoprotein cholesterol and DBP, but a slightly lower mean SBP, than did boys. In contrast, with the exception of high-density lipoprotein cholesterol, mean (cumulative) levels of each adult risk factor were higher among men than women. In addition to the sex difference, there were substantial differences in mean IMT levels by race and age ( Figure 2 ). Regression analyses of these cross-sectional data (obtained in the 2001-2002 examination) indicated that mean IMT level was 0.09 mm higher among men than women, 0.04 mm higher among blacks than whites, and that each 10-year difference in age was associated with a 0.11 mm difference in mean IMT (Po0.001 for each difference). There was no evidence that the relation of age to mean IMT was nonlinear or that it differed by race or sex. Additional analyses of the three separate carotid artery segments indicated that the black/white difference in IMT was largest in the common carotid artery (0.06 mm higher among blacks), whereas the carotid bulb showed the largest sex (0.10 mm higher among men) and age (0.16 mm per 10 years) differences. Figure 3 shows estimated BMI levels, from multilevel models for repeated measurements, between the age of 5 and 30 years for participants who were at either the 10th (low) or 90th (high) percentile of carotid IMT in adulthood. (Before estimating these percentiles, adult IMT levels were adjusted in regression models for race, sex and age.) There were only small differences in estimated childhood BMI levels between these extreme IMT percentiles at the youngest ages. However, with the exception of black men, high levels of adult IMT were associated with higher levels of BMI between the ages of 10 and 30 years. As compared to participants who had low levels of carotid IMT in adulthood, predicted BMI levels were 1.3-1.9 kg m À2 higher at the age of 18 years among white men, white women and black women who had high levels of IMT. As assessed in these multilevel models, the BMI increases with age differed by adult IMT level among white men and white women, while high levels of adult IMT were associated with higher levels of BMI among black women at Childhood obesity and carotid IMT DS Freedman et al all ages (Po0.001 for each difference). Among black men, carotid IMT levels were not associated with BMI levels or with age-related changes in BMI.
Adult IMT levels were correlated with the initial childhood BMI (r ¼ 0.13) and with the cumulative level of BMI throughout childhood (r ¼ 0.15) ( Table 2 ). In addition, with the exception of LDL cholesterol (r ¼ 0.17), cumulative childhood levels of BMI tended to be more strongly associated with adult IMT than were childhood levels of other risk factors (|r| ¼ 0.07-0.13). Among adults, in contrast, cumulative levels of several risk factors (triglycerides, LDL cholesterol, SBP and DBP) were more strongly associated with carotid IMT (r ¼ 0.17-0.21) than were levels of BMI (r ¼ 0.14). Adjustment for adult levels substantially reduced the magnitudes of the associations between cumulative childhood risk-factor levels and carotid IMT, but the strongest independent association was seen with childhood Figure 2 Cross-sectional levels of mean intima-media thickness (IMT) by age. Within each race-sex group, IMT levels were smoothed using lowess. . Predicted BMI levels were obtained from race-and sex-specific multilevel models that included adult IMT, age (modeled using splines), and the interaction between age and adult IMT as covariates. Sample sizes were 365 (white men), 437 (white women), 129 (black men) and 213 (black women); there were seven (mean) BMI measurements per person. Cumulative levels represent the AUC from multilevel models (see Methods).
d Median (25th, 75th percentiles). *Po0.01 for sex difference in risk-factor levels during childhood or adulthood.
Childhood obesity and carotid IMT DS Freedman et al BMI (r ¼ 0.08, Po0.01). Additional adjustment for adult levels of triglycerides, LDL cholesterol, high-density lipoprotein cholesterol, SBP and DBP (in addition to adult BMI levels) did not further decrease the association between childhood BMI levels and adult IMT (data not shown). The independent effects of cumulative levels of BMI-forage, controlling for adult BMI, are shown in Figure 4 . The solid, black line represents the predicted IMT level according to childhood BMI-for-age (x-axis); each 1-unit difference in the cumulative childhood BMI-for-age z-score was associated with a 0.025 mm difference in adult IMT. (There was no evidence of nonlinearity.) The dashed, gray lines illustrate the effects of adjustment for adult BMI on this association, and represent predicted IMT levels for a normal weight 
Discussion
There are limitations in the use of carotid IMT as an index of generalized atherosclerosis, 7 but IMT is correlated with coronary artery disease 12 and is predictive of myocardial infarction and stroke. 13, 14 We found that childhood BMI was related to adult levels of carotid IMT, and that this association was, in part, independent of adult BMI levels. Adult IMT was also related to childhood levels of lipids, lipoproteins and blood pressure, but these associations were eliminated by controlling for adult levels of these risk factors. Our findings emphasize the longterm, cumulative adverse effects of childhood-onset obesity. Many of our results confirm those of previous studies. Cross-sectional studies have found that carotid IMT is associated with BMI levels in both childhood [31] [32] [33] and adulthood. [8] [9] [10] 20, 34, 35 Longitudinal studies have also shown that childhood BMI is related to adult levels of carotid IMT. [15] [16] [17] The magnitude of the effect that we observed, with a 1-unit difference in the childhood BMI-for-age z-score associated with a 0.025 mm difference in adult IMT, is somewhat comparable to those that have been previously reported. For example, Raitakari et al. 17 found that each s.d.
change in the mean BMI (on the basis of three measurements) during childhood and adolescence was associated with differences of 0.025 mm (men) and 0.013 mm (women) in the mean IMT of young adults. It is possible, however, that Mean carotid IMT has been log transformed. b BMI levels in childhood were based on BMI-for-age z-scores. , corresponding to approximately 2 s.d. Although the longitudinal association that we observed between childhood BMI and adult IMT remained statistically significant after adjustment for adult BMI, the correlation was weak (r ¼ 0.08, P ¼ 0.006). It should be noted that we found that race, sex, age (at IMT examination) and childhood BMI-for-age z-score could together account for about 18% of the variability in adult IMT. However, sex and age were the most important predictors, and childhood BMI-forage could account for only about 2% of the variability in adult IMT (data not shown).
This relatively weak association may, in part, explain some of the conflicting findings concerning the independent relation of childhood BMI to adult IMT. For example, an initial report from the Cardiovascular Risk in Young Finns Study 17 concluded that associations between risk factors (including BMI) measured in adolescence and adult IMT remained statistically significant after controlling for adult risk-factor levels. Subsequent analyses from this study, 20, 36 however, showed that controlling for adult BMI eliminated the association with childhood (age 3-19 years) BMI; the largest, positive age-specific correlation coefficient with IMT was r ¼ 0.05. 20 Possible reasons for these conflicting findings (in almost identical samples from the same study) are uncertain. In addition, a longitudinal study in the Netherlands 18 found that the magnitude of the association between BMI at the age of 13 years and adult IMT was reduced by more than 50% (and was no longer statistically significant) after adjustment for adult BMI. Although the magnitude of the association between childhood BMI and adult IMT in this study was reduced by about 35% (from b ¼ 0.025 to b ¼ 0.016) after controlling for adult BMI, the association remained statistically significant. There are several possible reasons why our results may differ from those of other investigators. 18, 20 We obtained (on average) four measurements of BMI before the age of 18 years and we estimated the cumulative risk using multilevel models, possibly providing a more accurate summary of the actual levels of BMI-for-age throughout childhood. Furthermore, participants in this study had substantially higher BMI levels throughout life, with 40% having a BMI of 30 kg m À2 or more at the final examination, than participants in other studies. As the accuracy of BMI as a measure of adiposity increases with the level of body fatness, 37, 38 it is possible that BMI levels in this study more accurately reflect the true body fatness of the participants. It should be noted that our current findings also differ somewhat from a previous report from the Bogalusa Heart Study based on a different sample of 513 adults who underwent ultrasonography in [1995] [1996] . 39 This previous analysis found that long-term obesity was important, but that IMT levels were elevated only among overweight children who became obese adults. Although the independent relation of childhood BMI to adult IMT may be uncertain, given the strong tracking of childhood BMI into adulthood (r ¼ 0.71 in this study), the results of these longitudinal studies emphasize the adverse effects of overweight among children and adolescents. Of the 70 children in this study who had a BMI-for-age XCDC 95th percentile, 97% were obese in adulthood and 77% had an adult BMI X35 kg m
À2
. Interestingly, we found that BMI was the only risk factor for which the initial childhood and the final adult levels showed similar associations with adult carotid IMT (r ¼ 0.13 vs 0.12). In contrast, adult levels of risk factors (triglycerides, LDL cholesterol, SBP and DBP) were more strongly related to carotid IMT than were childhood risk-factor levels. It is possible that this relatively weak association with adult BMI levels in this study allowed more of the variability in IMT levels to be accounted for by childhood BMI. In contrast, adult carotid IMT was more strongly associated with adult BMI levels than with lipid and lipoprotein levels in the Cardiovascular Risk Factor in Young Finns Study. 17 Several limitations of this study should be considered. There are substantial errors in the measurement of IMT, 40 and we found a moderate degree of repeatability for the mean IMT level (r ¼ 0.85) of 72 participants. However, random measurement errors would have biased the observed associations in this study toward 0. We also considered the possibility that the relation of childhood obesity to adult IMT was mediated by other characteristics. However, in agreement with the results of others, 17, 34, 41 these analyses indicated that levels of lipids and blood pressure (measured either during childhood or adulthood) could not account for the observed association. In addition, although stratified analyses indicated that there was little association between BMI levels (in both childhood and adulthood) and carotid IMT among black men, this finding was unexpected and should be further investigated. The number of black men (n ¼ 127) in this study was substantially less than the sample sizes (n ¼ 213-437) of other race and sex groups. In summary, we found that childhood BMI levels were related to carotid IMT in adulthood. Furthermore, although the magnitude of this association was reduced by controlling for adult BMI levels, it was not eliminated. This modest, independent association with childhood BMI, along with the strong tracking of BMI from childhood to adulthood, emphasizes the importance of the prevention of childhood obesity.
